Heat stress has been shown to attenuate reduction in soleus muscle mass and fiber size in various animal models, and it appears likely that heat shock protein 72 (HSP72) plays a key role in heat stress-induced suppression of muscle atrophy. However, there is no evidence that repeated heat stress attenuates the acceleration of apoptotic and proteolytic systems in atrophied rat skeletal muscle. We recently examined the effects of repeated heat stress on muscle atrophy and in terms of apoptosis and proteolysis in unloaded rat skeletal muscle induced by hindlimb unloading. Our results revealed that repeated bouts of heat stress elicited protective effects against disuse atrophy in both soleus and plantaris muscles. Interestingly, this heat stress-induced protection against muscular atrophy may be partially attributed to the suppression of apoptotic activation in slow-and fast-twitch muscles, and decreased ubiquitination in only the soleus muscle. Thus, we have established that repeated heat stress attenuates skeletal muscle atrophy via both upregulation of HSP72 and suppression of apoptotic and proteolytic systems.
It is well established that prolonged skeletal muscle inactivity results in muscle atrophy and a decrease in muscle force production (i.e., weakness). Therefore, the development of countermeasures to prevent the loss of muscle mass and strength caused by disuse atrophy is important.
Numerous strategies to prevent muscle atrophy have been proposed; in particular, heat stress exposure, which represents an effective treatment against disuse-induced muscle atrophy, has attracted attention. Among the various strategies tested, whole-body heat stress, applied prior to muscle inactivity, has been shown to act as a particularly effective measure for attenuating disuse muscle atrophy, and previous studies have consistently demonstrated that heat stress attenuates inactivity-induced reduction in limb muscle mass and fiber size [1] [2] [3] .
Although the cellular mechanism underlying heat stress-induced suppression of muscle atrophy remains unclear, the heat stress-induced increase in muscle heat shock protein 72 (HSP72) levels is considered to play a key role in this phenomenon. Indeed, the overexpression of HSP72 is sufficient for protection against disuse muscle atrophy [4, 5] . It is believed that the molecular chaperone and protein repair
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functions of HSP72 protect against muscle atrophy [1, 6] ; however, numerous other mechanisms may also account for this protective effect. The HSP72-mediated suppression of proteolytic signaling pathways, including the forkhead box O (FoxO) pathway, represents another mechanism by which this heat shock protein exerts protective effects against muscle atrophy [4, 5] ; HSP72 inhibits the nuclear localization of FoxO during muscle atrophy, thereby contributing to the maintenance of phosphorylated FoxO expression [4, 5] ( Fig.1A) . However, it is unclear whether the suppression of proteolytic activation during muscle wasting occurs as a result of heat stress itself, heat stress-induced increase in HSP72 expression, or both. We recently demonstrated that heat stress-induced suppression of muscle atrophy is associated with lower levels of proteolytic markers, such as calpain autolysis and subsequent myofibrillar protein ubiquitination, in the slow soleus muscle [7] (Fig. 1B) . Ubiquitination of myofibrillar protein is associated with proteasome-dependent proteolysis [8] ; therefore, heat stress-induced reduction in ubiquitination contributes to the attenuation of disuse muscle atrophy of the soleus muscle. In contrast to the heat stress-induced suppression of proteolytic systems in the soleus muscle, the levels of ubiquitination and calpain autolysis were found to remain unchanged in the plantaris muscle. These differences may be associated with a less-atrophied muscle condition and the lower sensitivity of fast-type muscles to disuse compared with slow-type and postural muscles [9, 10] . These results suggest that repeated heat stress attenuates skeletal muscle atrophy; however, the response of proteolytic systems depends on the specific muscle phenotype.
Recent evidence has revealed that the apoptotic system may also contribute to select forms of disuse muscle atrophy [11] [12] [13] . Our data additionally indicated that heat stress elicited a reduction in the number of terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)-positive nuclei in atrophied rat soleus and plantaris muscles [7] , implying that heat stress contributes to the suppression of DNA fragmentation in these muscles (Fig. 1C) . The underlying mechanisms are unclear; however, it is known that HSPs play a role in the heat stress-induced suppression of cellular apoptosis [14] [15] [16] [17] . Apoptosis, a form of programmed cell death, is a potential candidate pathway involved in inactivity-induced muscle atrophy. Several studies have demonstrated that the overexpression of HSPs, such as HSP27, HSP70, HSP60, or HSP90, inhibits apoptosis and prevents caspase activation in various cellular models [15, [18] [19] [20] [21] . In general, these effects are attributed to the HSP-induced inhibition of cytochrome c release and apoptosome formation, which occurs due to the suppression of their interaction with cytochrome c and apoptotic protease activating factor 1. Li et al. [17] reported that HSP72 inhibits apoptosis downstream of cytochrome c release and upstream of caspase-3 activation in vitro (in U937/HSP70 cells). Therefore, to our knowledge, our results are the first to demonstrate that repeated heat stress exposure represents a potentially useful countermeasure against disuse-induced attenuation of the loss of muscle mass and fiber size in vivo. Moreover, HSPs additionally influence caspase-independent apoptosis by interacting with apoptogenic factors such as apoptosis-inducing factor (AIF) and endonuclease G (EndoG) [22, 23] . Indeed, we recently reported that repeated heat stress prevents controlled mechanical ventilation-induced diaphragmatic disuse atrophy by suppressing the activation of caspase-3, caspase-7, and pro-apoptotic factor EndoG in the rat diaphragm [24] . These data suggest that HSPs suppress muscle atrophy mediated by caspase-dependent or -independent apoptosis; however, it is unclear whether these phenomena are associated with heat stress-induced prevention of muscle atrophy.
Importantly, it has been shown that apoptosis-and proteolysis-related protein and gene expression levels increase during the early stages (~12 h) of disuse-induced skeletal muscle atrophy [25] . Given that intermittent (repeated) heat stress reduces the disuse-related increase in oxidative stress [2] , repeated heat-stress treatment (before and during muscular atrophy) may protect against the upregulation of apoptosis and proteases activity which occurs during the early stages of disuse. These data suggest that the suppression of apoptotic and proteolytic activation during the early stage of disuse may be important for the effective attenuation of disuse-induced muscle atrophy.
In summary, as shown in Figure 1 , our data demonstrate that repeated heat stress-induced suppression of apoptosis is responsible for attenuating slow-and fast-twitch muscle atrophy. Moreover, our results indicate that repeated heat stress attenuates proteolytic activation in slow-type soleus muscle but not in fast-type plantaris muscle. These findings suggest that heat stress attenuates disuse-induced muscle atrophy not only by upregulating HSP72, as shown in previous studies, but also by modulating apoptotic and/or proteolytic systems. Further understanding of the underlying mechanism is required in order to develop effective heat-based treatment for disuse-induced muscle atrophy.
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